Introduction
============

Chronic myeloid leukemia (CML) arises from pluripotent hematopoietic stem cells by a reciprocal translocation between chromosomes 9 and 22, forming Philadelphia chromosome (Ph) ([@b1-or-0-0-7412]). The product of this genetic rearrangement consists of BCR-ABL fusion protein with deregulated tyrosine kinase activity, leading to an endless proliferation of immune precursors ([@b2-or-0-0-7412]). Over the past two decades, BCR-ABL tyrosine kinase inhibitors (TKIs) have markedly improved the treatment of CML ([@b3-or-0-0-7412]--[@b5-or-0-0-7412]). Despite these great advances, therapy-resistant leukemic stem cells (LSCs) still persist after TKI treatment, presenting an obstacle on the road to long-term progression-free survival (PFS) in CML patients ([@b6-or-0-0-7412]). Recent findings have revealed that BCR-ABL fusion protein still had leukemogenic ability without tyrosine kinase activity ([@b7-or-0-0-7412],[@b8-or-0-0-7412]), and the survival of CML stem cells was independent of tyrosine kinase activity of this fusion protein ([@b9-or-0-0-7412]). These findings strongly call for new targeting strategies of BCR-ABL for CML treatment.

It is well established that downregulation of the BCR-ABL protein level could suppress the growth of CML cells, and many attempts have been made to achieve this purpose. Goussetis *et al* revealed that autophagic degradation of BCR-ABL fusion protein was critical for the potent exhibition of the anti-leukemic effects of As~2~O~3~ ([@b10-or-0-0-7412]). According to previous studies, genetic knockdown technologies, such as antisense oligonucleotides and small interfering RNA, have been used for the downregulation of the protein levels of BCR-ABL in CML cells ([@b11-or-0-0-7412]--[@b13-or-0-0-7412]). Recently, potent degraders against BCR-ABL have been developed by conjugating dasatinib to ligands for E3 ubiquitin ligases, revealing a more sustained inhibition of CML cell growth than ABL kinase inhibitor ([@b14-or-0-0-7412]).

Homoharringtonine (HHT), a plant alkaloid with antitumor properties, was originally identified nearly 40 years ago ([@b15-or-0-0-7412]), and has been revealed to play an important role in the treatment of CML, both before and after the clinical use of TKIs ([@b16-or-0-0-7412],[@b17-or-0-0-7412]). In 2010, the use of HHT for relapsed/refractory CML was approved by the FDA ([@b18-or-0-0-7412]). HHT is an alternative treatment for patients with CML who exhibit resistance or intolerance to TKIs. The drug involves a distinct mechanism and may be able to inhibit leukemic stem cells, which play a key role in the progression of CML ([@b19-or-0-0-7412]). There are different theories regarding the mechanisms of HHT. First, it is widely considered that HHT exerts a role in the treatment of leukemia. This is mainly achieved by inhibiting the synthesis of proteins associated with cell apoptosis and cell survival, such as Mcl-1, XIAP, and Myc ([@b20-or-0-0-7412]--[@b22-or-0-0-7412]). Recently, it was reported that HHT is involved in other mechanisms. For example, it can regulate alternative splicing of Bcl-x and caspase-9 and regulate Smad3 protein tyrosine kinase phosphorylation ([@b23-or-0-0-7412],[@b24-or-0-0-7412]). Therefore, understanding the mechanism of HHT is very complex and has not been fully elucidated yet. In particular, it is unclear as to how HHT regulates the oncoprotein BCR-ABL. Although it has been reported that HHT could downregulate the BCR-ABL protein by inhibiting protein synthesis ([@b25-or-0-0-7412]), it is speculated that there may be more specific mechanisms involved. In the present study, it was reported that HHT promoted oncoprotein BCR-ABL degradation and cell apoptosis in the imatinib-resistant CML K562G cell line, and the p62-mediated autophagy-lysosome pathway was involved in BCR-ABL protein degradation induced by HHT. Depletion of p62 or inhibition of autophagy not only reversed HHT-induced BCR-ABL protein degradation, but also affected cytotoxicity of HHT on CML cells.

Materials and methods
=====================

### Cell culture and treatment

K562 and K562G cells were provided by Professor Jie Jin (The First Affiliated Hospital of Zhejiang University). The cells were maintained in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37°C in 5% CO~2~ atmosphere. Imatinib-resistant K562G cells was established by culturing cells in gradually increasing concentrations of imatinib and gained resistance to imatinib over several months of culture (Appendix I). However, K562G cells do not contain mutations within the TK domain. Autophagic inhibitor Bafilomycin A1 (Baf-A1) was purchased from Abcam, autophagic inhibitor chloroquine (CQ), proteasome inhibitor MG132 and cycloheximide (CHX) were purchased from Sigma-Aldrich (Merck KGaA). HHT was purchased from Selleckchem (cat. no. s9015). Protein A/G plus agarose beads were obtained from Thermo Fisher Scientific, Inc. (cat. no. 20423). Compounds were dissolved in dimethyl sulfoxide (DMSO) and added to culture media until it reaches a final concentration of 0.1% DMSO. For the vehicle control, 0.1% DMSO alone was used.

### Cell viability assay

K562, K562G, and siRNA-K562G cells were seeded in 384-well plates at a density of 8,000 cells/well, and then treated with 0.1% DMSO (vehicle control) or HHT at concentrations of 100, 50, 25, 12.5, 6.2, 3.1, 1.56, 0.78 and 0.39 ng/ml for 48 h. Cell proliferation was assayed using an MTS assay (Promega Corp.) according to the manufacturer\'s instructions and the absorbance was measured at 490 nm using the EnVision microplate reader (PerkinElmer).

### Western blotting and antibodies

Cells were lysed using RIPA buffer (pH 7.4) containing a protease inhibitor cocktail (Roche Diagnostics). Protein concentrations of the extracts were measured by BCA™ protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) and equal amounts (20 µg) of total protein from each sample was separated by SDS-PAGE and then were transferred onto NC (nitrocellulose) membrane (Millipore, Minneapolis, MN, USA). NC membranes were blocked with 10% skim milk powder dissolved in TBST buffer at room temperature for 1 h. Then, NC membranes were washed with TBST, and then incubated with a primary antibody (dilution of 1:1,000) in TBST containing 5% bovine serum albumin (BSA) overnight at 4°C. Next, membranes were washed with TBST three times and incubated with an HRP-conjugated anti-rabbit (dilution 1:10,000; cat. no. A16096) or anti-mouse secondary antibody (dilution 1:10,000; cat. no. 31430) (Thermo Fisher Scientific, Inc.) for 1 h at room temperature. The signals were detected using an ECL reagent (Pierce; Thermo Fisher Scientific, Inc.). All western blots were replicated in three times and the intensity of the western blot signals was analyzed using ImageJ 1.8.0 analysis software (NIH; National Institutes of Health, Bethesda, MD, USA). The primary antibodies were as follows: Antibody against C-Abl (cat. no. sc-887) and antibody against ubiquitin (Ub; cat. no. sc-166553; both from Santa Cruz Biotechnology, Inc.), antibodies against p62 (cat. no. PM045; MBL Beijing Biotech Co., Ltd.), antibodies against LC3B (cat. no. 2775), antibodies against ATG5 (cat. no. 2630) and antibodies against Beclin-1 (cat. no. 3495; all from Cell Signaling Technology, Inc.), antibodies against β-tubulin (cat. no. HC101-02) and antibodies against β-actin (cat. no. HC201-02; both from Beijing Transgen Biotech Co., Ltd.), antibodies against poly adenosine diphosphate (ADP)ribose polymerase (PARP; cat. no 9542) and antibodies against cleave caspase3 (cat. no. 9664; both from Cell Signaling Technology, Inc.).

### Flow cytometry for apoptotic analysis

The K562G cells were treated with concentrations of 0, 20, 50 and 80 ng/ml HHT for 24 h. Subsequently, the cells underwent centrifugation at 100 × g centrifugation for 5 min, and then were washed twice with cold PBS. The cells were resuspended with 100 µl 1X binding buffer, followed by the addition of 5 µl Annexin V-FITC and 10 µl PI staining solution (cat. no 556547; BD Biosciences) for 15 min. Next, cell apoptosis was analyzed by flow cytometry (BD FACSCalibur™).

### Immunoprecipitation (IP)

K562G cells were treated with HHT and harvested at different time-points (0, 2, 4, 8, 16 and 24 h). The cells were then washed once and lysed in IP buffer for 30 min (1% NP40, 150 mM NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4) with proteases (cat. no. 04693116001; Roche Diagnostics) and phosphatase inhibitors. Lysates were cleared by centrifugation at 13,500 × g and a fraction was saved as a loading input control. The remaining lysates were incubated with p62 or c-Abl antibodies overnight at 4°C. Protein A/G beads (cat. no. 20423; Thermo Fisher Scientific, Inc.) were added for another 4 h at 4°C. The beads were then washed 5--7 times in IP buffer, and the bound proteins were eluted by directly adding SDS loading buffer with 2 mM DTT. Beads and the saved lysates were analyzed by immunoblotting.

### Fluorescence microscopy

Cells transfected with Ad-mcherry-GFP-LC3 (cat. no C3011; Beyotime Institute of Biotechnology) were seeded in 96-well plates at a density of 1×10^5^/ml, and then were treated with DMSO (vehicle control) or 50 ng/ml HHT for 8 h followed by staining with 1 nM Hoechst 33342 (nuclear stain) for 10 min at 37°C. The cells were visualized using the Operetta CLS (Perkin Elmer) at an ×40 magnification under excitation/emission filters 587/610 nm (mcherry) and 350/461 nm (Hoechst 33342). The resulting images were then analyzed using Harmony software 4.6 (Perkin Elmer) and autophagosomes were quantified by counting the number of spots per mCherry-positive cells. Data represent the mean values of puncta per cell for mCherry-positive cells, and error bars represent standard deviations. Statistical analysis was performed by Kruskal-Wallis test assuming equal variances. Representative confocal microscopy images were captured using an Olympus fluorescence microscope at an ×40 magnification \[Olympus IX71 (fluorescence microscope); Olympus DP71 (CCD; Olympus Corp.\].

### Lentiviral infection and generation of stable cell lines

K562G cells were transfected with a lentiviral expression system for siRNA. LV-NC siRNA, LV-ATG5 siRNA, LV-Beclin-1 siRNA and LV-p62 siRNA lentivirus stocks were obtained from Shanghai GeneChem Co., Ltd. K562G cells were transfected with lentiviruses targeting ATG5, Beclin-1 or p62 with 8 µg/ml of Polybrene (cat. no. H9268; Sigma-Aldrich, Merck KGaA). Two days after transfection, the medium was changed and 2 µg/ml of puromycin was added to select stable knockdown of ATG5, Beclin-1 or p62 gene K562G cells. Cells with stable reduction of ATG5, Beclin-1 or p62 were used to assess BCR-ABL levels and analyze the apoptotic sensitivity to HHT. The targeting sequences were as follows: ATG5, GAAGTTTGTCCTTCTGCTA; Beclin-1, CTCAGGAGAGGAGCCATTT; p62, GCATTGAAGTTGATATCGAT.

### Statistical analysis

One-way analysis of variance (ANOVA) and Student-Newman-Keuls test were used to analyze the differences in the target protein level of western blotting data from ImageJ analysis. For the cell viability assay, data were analyzed using GraphPad Prism 5.0 1 (GraphPad Software, Inc.). The results are expressed as the means ± standard deviation. Differences were considered to be statistically significant at P\<0.05, P\<0.01 and P\<0.001 (\*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 as indicated in the figures and legends).

Results
=======

### HHT induces cell apoptosis and downregulates BCR-ABL in imatinib-resistant K562G cells

The K562G cell line was transformed from K562 cells and is widely used for leukemia research. To qualify the K562G cell line in the present study, the sensitivity of K562G cells to imatinib was verified. K562G exhibited high resistance to imatinib with a 10-fold difference compared to K562 cells (IC~50~, 320 nM vs. 38 nM; P\<0.05; [Fig. S1](#SD1-or-0-0-7412){ref-type="supplementary-material"}). The anti-proliferative effects of HHT in imatinib-sensitive K562 cells and imatinib-resistant K562G cells were compared. The two cell lines were treated with different concentrations of HHT for 48 h, respectively, and cell proliferation was assessed using MTS assay. The results revealed that the 50% inhibitory concentration (IC~50~) of HHT in K562 and K562G cell lines was 27 and 24 ng/ml, respectively ([Fig. 1A](#f1-or-0-0-7412){ref-type="fig"}). HHT revealed similar cytotoxicity results in both cell lines. Subsequently, it was then investigated whether HHT could induce apoptosis in imatinib-resistant K562G cells. As revealed in [Fig. 1B](#f1-or-0-0-7412){ref-type="fig"}, K562G cells were treated with different concentrations of HHT at 0, 20, 50, 80 ng/ml for 24 h, and the apoptotic rates were 4.55, 12.6, 14.5 and 49.6%, respectively. Furthermore, it was revealed that HHT triggered a dose-dependent cleavage of caspase-3 and PARP in K562G cells ([Fig. 1C](#f1-or-0-0-7412){ref-type="fig"}), confirming the induction of cell apoptosis by HHT in imatinib-resistant K562G cells. BCR-ABL is the main pathogenic factor of CML, and thus the effects of HHT on BCR-ABL oncoprotein were examined. K562G cells were treated with different concentrations of HHT and the protein level of BCR-ABL was examined by western blotting. As anticipated, the levels of the BCR-ABL protein revealed a significant reduction by HHT treatment in a dose- and time-dependent manner ([Fig. 1D and E](#f1-or-0-0-7412){ref-type="fig"}). In addition, HHT induced downregulation of BCR-ABL in K562 cells ([Fig. S2](#SD1-or-0-0-7412){ref-type="supplementary-material"}). It is worth mentioning that HHT exhibited no significant effect on the c-Abl protein. These results indicated that HHT downregulated BCR-ABL oncoprotein and induced cell apoptosis in imatinib-resistant K562G CML cells.

### HHT promotes BCR-ABL degradation though the autophagy pathway

Since HHT could downregulate BCR-ABL oncoprotein, the next question was whether the downregulation was caused by inhibiting protein synthesis or by promoting its degradation. Some evidence has indicated that HHT downregulates BCR-ABL by inhibiting the synthesis of BCR-ABL ([@b26-or-0-0-7412]). However, little attention has been paid to whether HHT affects protein degradation or not. To study the effect of HHT on BCR-ABL protein degradation, cycloheximide (CHX) chase assay was performed on HHT-treated K562G cells. The results revealed that the BCR-ABL protein levels began to decline at 2 h and were markedly decreased at 24 h in HHT-treated K562G cells, whereas in control cells, the BCR-ABL protein levels began to decline at 4 h and were maintained until 24 h ([Fig. 2A and B](#f2-or-0-0-7412){ref-type="fig"}). These results confirmed that HHT could promote BCR-ABL degradation. Protein degradation usually involves two pathways: The ubiquitin-proteasome pathway and the autophagy-lysosome pathway. To further investigate the mechanism of HHT-induced BCR-ABL degradation, K562G cells were treated with proteasome inhibitors and autophagolysosome inhibitors, respectively and then their effects were observed on HHT-induced BCR-ABL degradation. Proteasome inhibitor MG132 exhibited no obvious effect on HHT-induced BCR-ABL degradation ([Fig. 2C](#f2-or-0-0-7412){ref-type="fig"}), however the autophagolysosome inhibitor CQ and Baf-A1 reversed the HHT-induced reduction of the protein levels of BCR-ABL ([Fig. 2D and E](#f2-or-0-0-7412){ref-type="fig"}). Similar results were also obtained in K562 cells ([Fig. S3](#SD1-or-0-0-7412){ref-type="supplementary-material"}). These results indicated that the autophagy-lysosome pathway was involved in HHT-induced BCR-ABL degradation.

Inhibition of the autophagy pathway reversed the effect of HHT on BCR-ABL degradation and cell apoptosis in K562G cells. To confirm HHT-induced autophagy, K562G cells were transfected with Ad-mCherry-GFP-LC3B, which is considered as a well-documented model for monitoring the conversion of MAP1LC3B from a cytosolic MAP1LC3B-I form to a phagophore- and autophagosome-bound MAP1LC3B-II form. Under normal conditions, mCherry-GFP-LC3B fluorescence was diffused in the cytoplasm, while it converted to a punctate pattern when autophagy was activated. Next, treatment with 50 ng/ml of HHT for 8 h markedly increased the average number of fluorescent spots in mCherry-GFP-LC3B-positive cells ([Fig. 3A and B](#f3-or-0-0-7412){ref-type="fig"}), indicating that HHT induced autophagy in K562G cells. In addition, the levels of autophagic key proteins were detected by western blotting. The results revealed that treatment of K562G cells with HHT resulted in the upregulation of the LC3II/LC3I ratio and autophagic key factors ATG5 and Beclin-1 ([Fig. 3C](#f3-or-0-0-7412){ref-type="fig"}). Furthermore, the key molecules of autophagic machinery were targeted using specific siRNAs and assessed their effects on HHT-induced downregulation of the BCR-ABL protein. Selective knockdown of either Beclin-1 or ATG5 ([Fig. 3D and E](#f3-or-0-0-7412){ref-type="fig"}) reversed the suppressive effects of HHT treatment on the levels of BCR-ABL. In addition, siRNA-mediated silencing of autophagic machinery inhibited cytotoxicity of HHT on K562G cells ([Fig. 3F](#f3-or-0-0-7412){ref-type="fig"}). These results demonstrated that autophagic inhibition reversed the effect of HHT on BCR-ABL degradation and inhibited the cytotoxicity of HHT in K562G CML cells, further confirming that HHT induced BCR-ABL degradation via the autophagy pathway.

### p62 is involved in HHT-induced BCR-ABL degradation via the autophagy pathway

p62 plays an important role in the autophagy-lysosome pathway and was revealed to target polyubiquitinated proteins to autophagosomes for degradation by directly interacting with LC3 ([@b27-or-0-0-7412]). Next, it was determined whether the classical autophagic receptor p62 was involved in HHT-induced BCR-ABL degradation. Western blotting assays revealed that HHT induced a time-dependent decrease of p62 levels, whereas the autophagy inhibitor Baf-A1 inhibited the reduction of p62 ([Fig. 4A](#f4-or-0-0-7412){ref-type="fig"}). These results indicated that p62 may be related to autophagic degradation induced by HHT. Furthermore, siRNAs were designed to knockdown endogenous p62. As revealed in [Fig. 4B](#f4-or-0-0-7412){ref-type="fig"}, endogenous p62 expression was effectively inhibited with p62-siRNA, and p62 knockdown significantly reversed the decrease of BCR-ABL protein levels induced by HHT. These results confirmed that p62 was necessary for HHT-induced autophagic degradation of the BCR-ABL protein. Next, whether HHT promoted BCR-ABL to interact with p62 was assessed. K562G cells were treated with HHT for 0, 2, 4, 8, 16 and 24 h and then were lysed, followed by immunoprecipitation with an anti-p62 antibody and immunoblotting with an anti-ABL antibody. To prevent the degradation of BCR-ABL and p62 from HHT treatment for 16 and 24 h, Baf-A1 (20 nM) was added during the last 6 h. An HHT-inducible time-dependent increase was observed during the interaction between BCR-ABL and p62 ([Fig. 4C](#f4-or-0-0-7412){ref-type="fig"}). Finally, the results revealed that ubiquitination levels of BCR-ABL were significantly increased in HHT-treated K562G cells when compared with the control group ([Fig. 4D](#f4-or-0-0-7412){ref-type="fig"}). These results indicated that HHT promoted the interaction of p62 with ubiquitinated BCR-ABL, and p62 was involved in the autophagic degradation of the BCR-ABL protein.

Discussion
==========

BCR-ABL is the main oncogene of CML that causes malignant proliferation of hematopoietic stem cells and progenitor cells. Inhibitors of ABL tyrosine kinase (TKIs) have been revealed to exhibit marked therapeutic effects on CML ([@b28-or-0-0-7412]), however, mutations of several kinase domains have conferred high-level resistance to TKIs. Furthermore, TKIs cannot eliminate leukemic stem cells, as the survival of CML stem cells does not depend on the activity of BCR-ABL kinase ([@b29-or-0-0-7412]). Therefore, it is necessary to explore novel therapeutic strategies to improve CML treatment.

HHT has been used in China for the treatment of hematological malignancies for over 40 years, and was approved by the FDA in the US for its use in refractory/relapsed CML in 2010. Despite its clinical efficacy, the exact underlying mechanisms are yet to be revealed. In the present study, HHT directly inhibited the protein levels of BCR-ABL by promoting the degradation of fusion protein, which was different from the previously reported mechanisms, i.e., inhibition of protein synthesis. This is considered a novel angle to investigate HHT and develop strategies to downregulate the levels of BCR-ABL, which in turn may shed new insights in the treatment of CML.

There are two major mechanisms involved in protein degradation, including the ubiquitin-proteasome system and the autophagy-lysosome pathway ([@b30-or-0-0-7412]). HHT activated autophagy in K562G cells in the present study. When autophagy was inhibited by ATG5 or Beclin-1 siRNA, HHT induced BCR-ABL protein degradation and apoptosis was also inhibited. In addition, autophagic lysosome inhibitors Baf-A1 and CQ reversed the degradation of BCR-ABL in K562G cells induced by HHT, however, the proteasome inhibitor MG132 did not reverse the degradation. Therefore, it is surmised that degradation of the BCR-ABL protein induced by HHT was mainly achieved through the autophagy-lysosome pathway.

Conventionally, autophagy requires membrane trafficking and remodeling for the formation of autophagosomes and delivers its internal contents to the lysosome for degradation. Although autophagy has been regarded as a random cytoplasmic degradation process, the involvement of ubiquitin as a targeting signal for selective autophagy is rapidly emerging ([@b31-or-0-0-7412],[@b32-or-0-0-7412]). In addition, the selection of autophagy is mediated by autophagic receptors, such as SQSTM1/p62 and NBR1 (NBR1, autophagy cargo receptor). These autophagic receptors interact with both ubiquitin conjugated to target proteins and autophagosome-specific MAP1LC3/LC3, promoting protein autophagic degradation ([@b33-or-0-0-7412]). As is well known, ubiquitin is a universal degradation signal used for protein degradation via proteasomes and autophagy ([@b34-or-0-0-7412]). In the present study, HHT enhanced ubiquitination of the BCR-ABL protein, which may in turn provide signal recognition by autophagic receptor p62, and then lead to subsequent autophagic degradation. As anticipated, HHT treatment significantly facilitated the interaction of p62 with BCR-ABL. Moreover, knockdown of p62 in K562G cells reversed the effect of HHT on the degradation of BCR-ABL. These results demonstrated p62-mediated HHT-induced autophagic degradation of BCR-ABL. However, how HHT induces BCR-ABL ubiquitination and how p62 interacts with ubiquitin BCR-ABL require further study.

Collectively, these results reported that HHT induced autophagy in CML cells and promoted BCR-ABL ubiquitination. The ubiquitinated BCR-ABL was bound to p62 forming a BCR-ABL-p62 complex followed by autophagic degradation. The present study elucidated how HHT downregulated CML oncoprotein BCR-ABL, which may subsequently be a potential new strategy to overcome the resistance to TKIs.
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![HHT induces cell apoptosis and downregulates BCR-ABL in CML cells. (A) HHT inhibited cell proliferation in K562 cells and K562G cells. K562 and K562G cells were treated with HHT at indicated concentrations for 48 h, respectively. Cell viability was determined by MTS assay. Values were presented as the means ± SD, of the three independent experiments. (B) HHT induced apoptosis in K562G cells. K562G cells were treated with 0, 20, 50, and 80 ng/ml HHT for 24 h, and cell apoptosis was determined by flow cytometric analysis with Annexin-V/PI staining. (C) K562G cells were treated with different concentrations of HHT for 24 h. Cleaved PARP and caspase-3 were examined by western blotting. (D) BCR-ABL protein was downregulated by HHT in K562G cells. K562G cells were treated with HHT at indicated concentrations for 24 h. The concentrations were 0, 10, 25, 50 and 100 ng/ml. (E) K562G cells were treated with 20 ng/ml HHT at indicated time-points. Cell lysates were analyzed to determine BCR-ABL protein levels by western blotting. Densitometric values were quantified using the ImageJ software and normalized to the control. The values of the control were set to 1. Error bars represent the standard deviations for n=3 experiments and western blotting revealed representative data (\*P\<0.05, \*\*P\<0.01 compared with the vehicle control). CML, chronic myelogenous leukemia; HHT, homoharringtonine.](or-43-01-0113-g00){#f1-or-0-0-7412}

![HHT promotes autophagic degradation of BCR-ABL in K562G cells. (A) HHT promoted BCR-ABL degradation during protein synthesis inhibition by CHX. K562G cells were treated with CHX (50 µg/ml) in the absence or presence of HHT (20 ng/ml) for different time-points followed by western blotting of the BCR-ABL protein. (B) Quantified BCR-ABL levels were normalized to β-actin. Error bars represent the standard deviations for n=3 experiments and western blotting revealed representative data. (C) Effects of proteasome inhibitors MG132 on HHT-induced BCR-ABL degradation. K562G cells were treated with HHT (20 ng/ml) for 16 h, and then co-treated with MG132 (10 µM) for 6 h. Cell lysates were analyzed by immunoblotting with indicated antibodies. (D and E) The effects of autophagolysosome inhibitors CQ or Baf-A1 on HHT-induced BCR-ABL degradation. K562G cells were treated with HHT (20 ng/ml) for 16 h, and then co-treated with CQ (20 µM) or Baf-A1 (20 nM) for 6 h. Cell lysates were analyzed by immunoblotting with indicated antibodies. HHT, homoharringtonine; CHX, cycloheximide; Baf-A1, Bafilomycin A1; CQ, chloroquine.](or-43-01-0113-g01){#f2-or-0-0-7412}

![HHT induces BCR-ABL degradation via the autophagy pathway. (A) Autophagosome levels in control and HHT-treated K562G cells. K562G cells were transfected with Ad-GFP-LC3B, and then treated with 50 ng/ml HHT for 8 h. Fluorescent images of mCherry-positive cells were analyzed by high-content screening. Representative images were captured on an Olympus fluorescence microscope at an ×40 magnification (Olympus IX71). (B) mCherry fluorescent puncta (autophagosomes, white arrowheads) were counted for 200 mCherry-positive cells per sample using Operetta High-Content Imaging System software (Harmony 4.6). The Kruskal-Wallis test revealed that the two groups had significant differences in the number of autophagosomes (\*\*P=0.008). Bar graphs represent the mean values and error bars represent the standard deviations (\*\*P\<0.01 vs. the vehicle control). (C) The autophagy pathway was activated by HHT in K562G cells. K562G cells were treated with HHT (20 ng/ml) for indicated time-points, and then the cell lysates were analyzed for LC3, ATG5 and Beclin-1 by western blotting. (D) ATG5 knockdown prevented HHT-induced degradation of the BCR-ABL protein. ATG5 was stably knocked down in K562G cells (ATG5 siRNA) and control K562G cells (NC siRNA), and then the cells were treated with 20 ng/ml HHT for 24 h and subjected to immunoblotting. (E) Beclin-1 knockdown prevented HHT-induced degradation of BCR-ABL protein. Beclin-1 was stably knocked down in K562G cells (BECN siRNA) and control K562G cells (NC siRNA), and then the cells were treated with 20 ng/ml HHT for 24 h and subjected to immunoblotting. (F) Autophagy deficiency affected the cytotoxicity of HHT on K562G CML cells. Nc-siRNA, ATG5-siRNA and Beclin-1-siRNA K562G cells were treated with indicated concentrations of HHT for 48 h before assessing the viability by MTS assay. \*P\<0.05 compared to the cells transfected with NC siRNA. HHT, homoharringtonine; BECN, beclin-1.](or-43-01-0113-g02){#f3-or-0-0-7412}

![p62 mediates HHT-induced BCR-ABL autophagic degradation. (A) K562G cells were treated with HHT (20 ng/ml) for indicated time-points in the absence or presence of Baf-A1 (20 nM). p62 levels were analyzed by western blotting. (B) p62 knockdown reversed HHT-induced BCR-ABL degradation. p62 was knocked down in K562G cells (p62-siRNA) and control K562G cells (NC-siRNA) and then the cells were treated with 20 ng/ml HHT for 24 h and then subjected to immunoblotting. (C) HHT promoted endogenous p62 binding to BCR-ABL. K562G cells were treated with HHT (20 ng/ml) for indicated time-points. In order to avoid degradation of BCR-ABL and p62, Baf-A1 (20 nM) was added in the last 6 h of HHT treatment for 16 and 24 h. The interaction of endogenous BCR-ABL and p62 was detected by immunoprecipitation with anti-p62 antibody followed by western blotting with anti-c-Abl and anti-p62 antibodies. (D) HHT enhanced ubiquitination levels of BCR-ABL. K562G cells were treated with HHT (20 ng/ml) for 16 h, and Baf-A1 (20 nM) was added in the last 6 h. The ubiquitination was then detected by immunoprecipitation with anti-c-Abl antibody followed by western blotting with anti-ubiquitin and anti-c-Abl antibodies. HHT, homoharringtonine; Baf-A1, Bafilomycin A1.](or-43-01-0113-g03){#f4-or-0-0-7412}
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